Homeotic selector genes determine the identity of each segment and induce the differentiation of segment-specific organs. To analyze how the silk glands of the lepidopteran, Bombyx mori, develop, we cloned and identified two genes that encode the homeodomain and its flanking regions identical to the corresponding regions of Deformed and Sex combs reduced. Using in situ hybridization and immunohistochemistry, we analyzed the expression patterns of these genes during Bombyx embryogenesis. Bombyx Deformed is expressed in the mandibular and maxillary segments, whereas expression of Bombyx Sex combs reduced is first limited to the labial segment and at later stages extended to the anterior part of the prothoracic segment. The expression of Bombyx Sex combs reduced then disappears from the invaginating placodes of silk glands where expression of Bombyx fork head/SGF.1 follows. In the Nc/Nc mutant embryos, which lack the 3' end region of Bombyx Antennapedia, in addition to the expression in the labial segment, the Bombyx Sex combs reduced is expressed ectopically in the thoracic and abdominal regions, and Bombyx fork head/SGF-1 is also ectopically expressed in the T1, T2, and T3 segments, resulting the ectopic induction of the silk gland invaginations. These results suggest that Bombyx homeobox genes such as the Bombyx Deformed and Sex combs reduced are associated with determination of the segment identities and Bombyx Sex combs reduced is involved in the induction of silk gland development.
INTRODUCTION
The Bombyx silk gland is assumed to be an evolutionally homologous organ to the DrosophiIa salivary gland because both structures are formed in the labial segment and share some similar functions (Toyama, 1909) . Two kinds of assumptions were proposed for the evolution of segment diversity. The first hypothesis, following Lewis (1978) , assumes that the evolution of the homeotie gene family is in parallel with segment diversity, whereas the second hypothesis, following Akam et al. (1988) , suggests that the patterns of gene deployment seen in early development likely represent phylogenetically ancient roles for the gene. The discovery of the homologues of homeotic gene complex members in many insects as well as in vertebrates indicates that functional divergence of homeotic genes promotes the diversification of insects and vertebrates. These states give rise to the following question: Is there any possibility that homeotic genes influence diversity of body plans?
In Drosophila, the Deformed (Dfd) gene is expressed in 1 Present address: Department of Biology, Johns Hopkins University, Baltimore, Maryland 21218-2685.
To whom correspondence should be addressed. Fax: 81-564-55-7566. the mandibular and maxillary segments, whereas the Sex combs reduced (Scr) is expressed in the labial and prothoracic segments (Kuroiwa et al., 1985; Chadwick and McGinnis, 1987; Mahaffey and Kaufman, 1987; Mahaffey et aI., 1989; Martinez-Arias et ai., 1987; Regulski et aI., 1987; Riley et al., 1987; Lemotte et al., 1989; Andrew, 1995) . The fork head (fkh) gene is required early for proper development of embryonic terminals and is later redeployed in some internal organs including the salivary gland (Jiirgens and Weigel, 1988; Weigel et al., 1989) . A hierarchical cascade of gene control in the development of salivary glands has been proposed (Panzer et al., 1992) . The top of the cascade begins with Scr and some dorsal-ventral pattern formation genes. These genes are proposed to determine the position of invagination points and induce expressions of genes such as fkh and others involved in morphogenesis because ectopic Scr expression in other segments leads the additional salivary gland formation in the anterior gnathal region and ectopic Fkh expression in gnathal and more posterior regions (Panzer et al., 1992; Andrew et al., 1994) . Recently, the Bombyx homologue of fkh gene was identified to encode SGF-1, which regulates transcription of the Bombyx sericin-1 gene via interaction with SA site (Mach et al., i995) . The Bombyx fkh/SGFI seems to play a role in silk gland development . Based on these backgrounds, we have addressed the question to what ex-tent the gene cascade in Drosophila salivary gland development is conserved in Bombyx silk gland development.
In the present report, we describe the cloning of the Bombyx homologues of the Drosophila Scr and Dfd genes and the expression patterns. The expression of Bombyx Scr in the labial segment was displaced at the point of the invaginating silk gland where the expression of Bombyx fkh/SGF-1 followed. In the Nc/Nc mutant (Itikawa, 1944 (Itikawa, , 1952 which lacks the 3' end of Bombyx Antennapedia gene (Nagata et al., 1996) , the Bombyx Scr expression was extended ectopically into the thoracic region, causing extra invagination placodes expressing Bombyx fkh/SGF-1. These results suggest that the Bombyx Scr induces the silk gland development.
MATERIALS AND METHODS
Animals. B. mori eggs of a hybrid between a Japanese strain (Kln-Shu) and a Chinese strain (Sho-Wa) were purchased from Kanebo Silk Co., Kasugai City, Japan. The Nc (no-crescent) mutant was discovered by Itikawa (1944 Itikawa ( , 1952 and supply of the heterozygote eggs was described (Nagata et al., 1996) . Embryos were cultured at 25°C and larvae were raised aseptically at 27°C on an artificial diet from Nippon Nohsankoh (Funabashi City, Japan). Adults were mated, and the eggs deposited during a 2-hr period were collected and allowed to develop at 25°C. We sampled the developing eggs at 12-hr intervals and staged them according to a development standard (Toyama, 1909; Takami and Kitazawa, 1960) .
Genomic DNA cloning and sequencing. A Bombyx genomlc library (Ueno et aI., 1992) was screened using a putative Bombyx Dfd oligonucleotide and a Drosophila Antp fragment as probes. The putative Bombyx Dfd oligonucleotide probe corresponding to the homeobox region was derived from PCR products obtained with degenerate primers, 5'-LEKEFHF/Y-3' and 5'-KI/VWFQN-3', for embryonic stage 19-30 cDNA template under low stringent conditions (94°C, 1 rain; 45°C, 1 mm; 55°C, 3 min). A fragment containing a homeobox region was subcloned and sequenced with a T7 sequence kit (Pharmacia Biotech). cDNA cloning. A cDNA library was constructed in lambda gtl 1 using a Time Saver eDNA construction kit (Pharmacia Biotech) with RNA prepared from 3.5-day-old whole eggs by the method described in Northern blotting. This cDNA library was screened using a 3' flanking region of the homeobox labeled by PCR under stringent conditions.
The sequence data reported in this paper have been submitted to the DDBJ/EMBL/GenBank nucleotide sequence databases with the Accession Nos. D83534 for Bombyx Deformed and D83533 for Bombyx Sex combs reduced.
Northern blotting. Total RNA was isolated using an acid guanldium thiocyanate-phenol-chloroform method (Chomczynski and Sacchi, 1987) . Poly(A) + RNA was collected by oligo(dT)-cellulose column chromatography. For Northern blotting, 5 #g each poly(A) + RNA was separated on 1.4% agarose/l.1 M formaldehyde gels and transferred to nylon membrane filters by a standard method (Ausubel et aI, 1987) . Filters were hybridized with a Bombyx Dfd or Bombyx Scr specific probe at 65°C in 5× SSC/5× Denhardt's solution/0.1% SDS/50 mM sodium phosphate (pH 6.5)/250 #g/ml heat-denatured salmon testes DNA. As the specific probes, a 0.4-kbp fragment of Bombyx Dfd (Mounjer and Prudhomme, 1986 ) was used as a positive control.
In situ hybridization. The method was previously described (Amanai et al., 1994) . A Bombyx Dfd or Scr riboprobe was prepared using a digoxigeninqabeling kit (Boeringer Mannheim). Construction of the template for the RNA probes is described in Northern blot analysis.
Antibody preparation. Synthetic peptides encoding N-and Cterminal regions of both Bombyx Dfd (N-terminal, NGGYQPQPD-PKFPPSEEY and C-terminal, CGTGIPNQPVIKSDYGLTAL) and
Bombyx Scr (N-terminal, CYGNQAPGRTGTPVEQTGH and Cterminal, NPYGHPYQFDLHPSQ) were conjugated with BSA and used for immunization (see Fig. 2 ). Young female rabbits were immunized with 50-100 #g of the conjugated peptldes and boosted twice after 4 weeks. After the second boost, antisera were collected and purified by affinity chromatography on a peptide column. These sera were used for Western blot analysis and immunohistochemistry. Antibody for Bombyx Fkh/SGF-1 has been described .
Immunohistochemlstry analysis. Whole embryos and silk glands were dissected out in PBS and fixed in 0.1% Triton X-100/ PBS/3.7% formaldehyde for 60 min. Antibody staining was performed essentially as described (Patel et al., 1989 ) using a secondary antibody directly conjugated to HRP on color development using a DAB substrate kit (Vector Stain) or FITC. The embryos or the silk glands were observed with a light microscope or a fluorescence microscope. 
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and Scr (B) with Drosophila (Din) Dfd and Scr, respectively. The most conserved regions of both proteins include the N-terminus of protein, the N-and C-terminal regions of the homeodomain, and the homeodomain. The identical residues are shown by the asterisks. (Regulski et al., 1987) in the homeobox region ( Fig. 2A) . Bombyx Scr contains a putative open reading frame of 356 amino acids that, when compared with Drosophila Scr (Andrew, 1995) , reveals the identical homeodomain (Fig. 2B) 
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and C-terminal flanking regions of homeodomains (Fig. 2) .
Specific regions in Drosophila Dfd (Regulski et al., 1987) , rich in His, Gly, Gin, and Asn, are not detected in Bombyx Dfd ( Fig. 2A) . "PSET" regions (Rogers et al., 1986) , which are specifically rich in Pro, Glu, Ser, and Thr, are not included in Bombyx Scr (Fig. 2B) . Taken Expression of Bombyx Did and Scr during embryonic development. Expression of the Bombyx Dfd and Scr transcripts in the embryonic stages was tested by Northern blot analysis using probes corresponding to the 3' flanking regions of the Bombyx Dfd and Scr homeobox to avoid crosshybridization. Transcript sizes of Bombyx Dfd and Scr were about 2.8 and 3.6 kb, respectively (Fig. 3) . The Bombyx Dfd transcripts were detected from 24 hr after egg deposition, became most abundant at 36 hr, and decreased through the hatching stage (Fig. 3A) . Bombyx Scr transcripts were detected from 36 hr to the hatching stage and were most abundant in 4 to 8 days (Fig. 313) (Figs. 4 and 5) . Bombyx Dfd transcripts were detected in the ectoderm of the mandibular and maxillary segments as early as 24 hr after egg deposition (data not shown} and clearly detected at stage 19 (Fig. 4A) . The demarcation of its gone expression, however, does not correspond to grooves of epidermis, which register the segments. It seems that the unit of Bombyx body construction develops as a parasegment similar to that of Drosophila. After embryo retraction (stage 20), the Bombyx Dfd transcripts were expressed in the ectoderm and mesoderm of the mandibular and maxillary segments (Fig. 4B) , and after blastokinesis (stage 23), they were detected in the anterior part of subesophageal ganglion (Fig. 4C) . Bombyx Dfd protein revealed almost the same expression pattern as that of the transcripts. At 48 hr after egg deposition, Bombyx Dfd was detected in the ectoderm of the mandibular and maxillary segments ( The membrane was reprobed with cytoplasmic actin (CA) as a control for RNA loading• Lanes 1, 2, and 3 are eggs at 0-2 hr (stage 1), 24 hr (stage 5-6), and 36 hr (stage 7-8), respectively; lanes 4 to 8 correspond to eggs from 2 to 6 days, stages 17, 19, 20, 22, and 23, respectively; lanes 9 and 10 are 8 (stages 26-28) and 10 days (stages 29-30) after egg deposition.
its expression continued to stage 19 (Fig. 5B) . At stage 20, Bombyx Dfd expression was detected in the ectoderm and mesoderm of the mandibular and maxillary segments except for the appendage of the mandibular segment (Fig. 5C ), and after blastokinesis (stage 23}, in the ectoderm of the lateral side of gnathal, the maxillipede (Fig. 5D) , and the anterior part of the subesophageal ganglion (Fig. 5E ).
Bombyx Scr transcripts were detected in the ectoderm of the labial segment as early as 48 hr after egg deposition (data not shown) and clearly detected at stage 19 (Fig. 4D ).
The demarcation of Bombyx Scr gene expression also does not correspond to segment border. After retraction stage (stage 20), the Bombyx Scr transcripts were detected in the ectoderm and mesoderm of the labial and prothoracic segments (Fig. 4E) , and after blastokinesis, they were detected in the ectoderm and mesoderm of the labial and prothoracic segments and the posterior part of the subesophageal ganglion (Fig. 4F) . Bombyx Scr protein also revealed the same expression pattern as that of Bombyx Scr transcripts. At 48 hr after egg deposition, Bombyx Scr was detected in the ectoderm of the labial segment (Fig. 5F ) and its expression continued to stage 19 (Fig. 5G) . At stage 20, Bombyx Scr was expressed in the ectoderm and mesoderm of the labial and prothoracic segment (Fig. 5H) , and after blastokinesls (stage 23), it was expressed in the ectoderm in the center of the gnathal region and in part of the labial and prothoracic segments (Fig. 5I ) and the posterior part of the subesophageal ganglion (Fig. 5J) . These results show that the embryonic body plans of Lepidoptera and Diptera are fundamentally similar, and therefore the difference between Bombyx silk gland and Drosophila salivary gland, derived from the same segment, cannot be explained from the expression patterns of Dfd and Scr homologues. Bombyx Scr may induce the silk gland development.
Our worldng hypothesis is that sill< gland determination is under the control of Bombyx Scr as in the case of the salivary gland of Drosophila. To test this hypothesis, Nc/Nc mutant embryos (Itikawa, 1944 (Itikawa, , 1952 offer important information. This mutant chromosome lacks a part of the Bombyx Antennapedia (Antp) gene at its homeobox and 3' end regions (Nagata et al., 1996) . We expected that the Bombyx Scr expression in this mutant might expand to the regions governed by the control of normal Bombyx Antp (for the rationale see Discussion). Analyzing the expression pattern of Bombyx Scr in the Nc/Nc embryos, we found that Bombyx Scr expression spread to the thoracic and abdominal regions (Fig. 6B) , whereas it was restricted in the labial and prothoracic segments in the wild type (Fig. 6A) . The signal in the labial segment of the mutant was stronger than that in other segments, the expression patterns in the T2 and T3 segments were similar to the T1 segment pattern, and the expression in the abdominal regions was restricted to the lateral side regions (Fig. 6B ). Because Bombyx Scr was eetopically expressed in the thoracic and abdominal regions in this mutant, we tested whether ectopic expression of Bombyx Fkh/SGle-1 as a marker of silk glands is induced.
As expected, in addition to the normal expression in a pair of the invaginating silk glands in the labial segment, three additional pairs of dot-like expressions in T1, T2, and T3 segments were observed in the Nc/Nc mutant (compare Fig.   6D with 6C). These additional dot-like expression points likely corresponded to ectopically induced silk glands because of their locations in the posterior edge of each segment, proximal to the appendages, and in pairs• These re- At the placode of the silk gland in the posterior region of the labial segment, the Bombyx Fkh/SGF-1 was expressed (Fig. 7A) , whereas the Bombyx Scr was repressed (Fig. 7B) . Bombyx Fkh/SGF-1 expression in the thoracic segments, we propose that Bombyx Scr has the potential to induce the silk gland placode. However, the Bombyx Scr function in activating the Bombyx Fkh/SGF-1, which is expected to play roles in Bombyx silk gland , may be indirect because the Bombyx Scr is never detected in the cells expressing Bombyx Fkh/SGF-1 (Fig. 7) . In Drosophila, Scr can be detected in all primordia until the salivary gland cells begin to invaginate but not late when salivary gland morphogenesis proceeds (Andrew et al., 1994) . Nonetheless, it is clear that Drosophila Scr determines the salivary gland in a cell autonomous manner (Andrew et al., 1994) . Thus, the behavior of Bombyx Scr in silk gland development is slightly different from that of Drosophila Scr in salivary gland development. in the whole presumptive region of labial appendage before the labial appendages were formed (Fig. 5G) . If the posterior regions of labial appendages were determined as the presumptxve placodes of the silk gland at such a stage, it is possible that a low level of Bombyx Scr may still be present in the presumptive placode cells and directly activate target genes, which act in silk gland development. To determine whether Bombyx Scr activates silk gland development directly or indirectly, further discovery of genes involved in silk gland development and definition of the relationship between these genes and Bornbyx Scr are necessary.
To specify the location of silk gland placode, an involvemerit of other genes is probably required. In Drosophila the segment polarity genes, the dorsoventral axis-forming genes, and other genes like the decapentaplegic and dorsal negatively regulate the dorsoventral extent of the placodes of salivary glands (Panzer et aI., 1992) . We speculate that the silk gland induction to such precise positions as in the posterior region of the labial segment, near the center of ventral midline, and in pairs, is caused by an interaction with several genes such as segment polarity genes, dorsoventral axis-forming genes, and others, as in the case of
Drosophila.
Why can Nc/Nc mutant induce ectopic silk gland formation? In the present study, we showed that Nc/Nc mutant which lacks the 3' region of Bombyx Antp gene (Nagata et al., 1996) Scr eDNA under the control of the heat shock promoter (HS-SCR), ectopic gland formation is recognized only in the parasegments 0-2 using dCREB-A as a marker (Panzer et ai., 1992; Andrew et al., 1994) . We cannot simply compare our results with these reports. In HS-SCR embryos, while salivary glands with markers like jalapeYlo, hfickebein, and dCREB-A are induced only in the parasegments 0-2, salivary glands expressing fkh gene are induced in more posterior regions, the parasegments 3-14 (Panzer et al., 1992; Andrew et aI., 1994) . These salivary gland markers except the fkh gene are controlled by teashirt and Abdominal-B genes (Andrew et al., 1994) . Whatever the regulatory relationships between fkh and other salivary gland markers, it is clear that different components of the salivary gland genetic hierarchy are differentially regulated. In Drosophila, HS-ANT and HS-UBX block normal salivary gland formation in parasegment 2 (Andrew et al., 1994) . In Bombyx Nc/Nc mutant, deletion of the Bombyx Antp gene itself may permit silk gland placode formation in the thoracic region, and endogenous Born byx Ubx expression may repress additional placodes in the abdominal region. In a Drosophila Antpembryo, Scr is not expressed ectopically in all the places where Antp was normally expressed, but only in parasegment 4 (Riley et al., 1987) effect on the differences of wing and abdominal appendage number against fruit flies (Warren et aI., 1994) . Thus, the homeotic gene cannot be the cause of the changes in the number, size, and pattern of homologue organ structure.
Not only the expression pattern of homeotic genes but also the regulation of terminal genes may be partly conserved between the Bombyx silk gland and Drosophila salivary gland. On introduction of the Bombyx silk gene P25 into Drosophila eggs, the silk gene is expressed in the duct part of the salivary gland of transformed Drosophila larvae (Bello and Couble, 1990) . We have already proposed that Bombyx Fkh/SGF-1 regulates the sericin-1 gene transcription through an interaction with the SA region in the middle silk glands and the fibroin gene transcription through interactions with both the upstream FA and FB regions and the intron regions in the posterior silk glands {Matsuno et aI., 1989; Hui et al., 1990; Takiya et al., 1990; Mach et al., 1995) . We are also proposing that one of the putative terminal targets of the Drosophila fkh gene is the Sgs-3 gene encoding a glue protein (Mach et al., 1996) .
Although the developmental processes of embryonic silk gland may be conserved with those of Drosophila salivary gland, considerable differences are present in morphologies and terminal gene expressions. In the Drosophila, the cells of placodes differentiate into both the salivary gland cells proper and the gland's duct. Subsequently, the ducts unite to form a common duct opening into the floor of pharynx. The glue proteins are mainly secreted. In the Bombyx, however, the cells of placodes grow and differentiate into anterior, middle, and posterior silk gland ceils, and at the most anterior region of anterior silk gland the ducts are combined into a common tube opening in the spinneret from which are spun out the silk proteins. One factor that causes such differences could be the Bombyx Amp gene. Bombyx Antp transcription is clearly detected in the middle silk glands of wild-type and Nc/+ heterozygote, and the silk glands of the heterozygote normally develop (Nagata et al., 1996) . However, the defect of Anti) function in the Nc/Nc embryos causes additional placodes in the thoracic segments as well as the placodes in the labial segment but all these placodes do not develop to silk glands (the present paper and Nagata et al., 1996) . We speculate that the Bombyx Antp is one of the important factors for the development of embryonic silk glands.
